Non-standard neutrino interactions (NSIs), the sub-leading effects in the flavour transitions of neutrinos, play a crucial role in the determination of the various unknowns in neutrino oscillations, such as neutrino mass hierarchy, Dirac CP violating phase and the octant of atmospheric mixing angle. In this work, we focus on the possible implications of lepton flavour violating (LFV) NSIs, which generally affect the neutrino propagation, on the determination of the these unknown oscillation parameters. We study the effect of these NSIs on the physics potential of the currently running and upcoming long-baseline experiments, i.e., T2K, NOνA and DUNE. We also check the allowed oscillation parameter space in presence of LFV NSIs.
I. INTRODUCTION
Neutrino oscillation [1] [2] [3] [4] [5] [6] [7] , the phenomenon of flavour transition of neutrinos, provides strong evidences for neutrino mass and mixing. Further, the three flavour neutrino oscillation model has become a very successful theoretical framework, which could accommodate almost all neutrino oscillation experimental data except some results in very short baseline experiments. However, some of the oscillation parameters [8, 9] (Dirac CP violating phase, neutrino mass hierarchy and the octant of atmospheric mixing angle) in the standard paradigm are still not known. Recently, Daya Bay [10, 11] , RENO [12] and Double CHOOZ [13] experiments have observed that the value of reactor mixing angle is significantly large (close to its upper bound), which improves the sensitivities to determine these unknowns by enhancing the matter effect. Therefore, a well understanding of sub-leading contributions to neutrino oscillation, coming from various new physics scenarios, may lead to the enhancement of physics potentials of long-baseline neutrino oscillation experiments.
Non-standard neutrino interactions (NSIs) [14, 15] can be considered as sub-leading effects in the neutrino oscillations, which arise from various new physics scenarios beyond the standard model. The NSIs, which come from Neutral Current (NC) interactions can affect the propagation of neutrino, whereas NSIs coming from the Charged Current (CC) interactions of neutrinos with quarks and leptons can affect the production and detection processes of neutrinos. However, in this work, we consider only the NSIs which affect the propagation of neutrinos. The Lagrangian corresponds to NSIs during the propagation is given by [16] ,
where G F is the Fermi coupling constant, ε f C αβ are the new coupling constants, so called NSI parameters, f is fermion and P C = (1 ± γ 5 )/2 are the right (C = R) and left (C = L) chiral projection operators. The NSI contributions which are relevant as neutrino propagate through the earth are those coming from the interaction of neutrino with e, u and d because the earth matter is made up of these fermions only. Therefore, the effective NSI parameter is given by
where ε f αβ = ε f L αβ + ε f R αβ , n f is the number density of the fermion f and n e the number density of electrons in earth. For earth matter, we can assume that the number densities of electrons, protons and neutrons are equal, i.e, n n ≈ n p = n e , which implies that n u ≈ n d = 3n e .
NSIs and their consequences have been studied quite extensively in the literature both in model dependent (mass models) and independent ways. Furthermore, there are studies, which have been done to investigate the effect of NSIs on atmospheric neutrinos [17] [18] [19] , solar neutrinos [20] [21] [22] [23] [24] , accelerator neutrinos [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and supernova neutrinos [36] [37] [38] . However, it is very crucial to understand the implications of new physics effects at the long baseline experiments like T2K, NOνA and DUNE. In this regard, there are many recent works which have been discussed the various aspects of NSIs at long baseline experiments [39] [40] [41] , for instance in [42] , the authors have obtained the constrain on NSI parameters using long baseline experiments and in [43] authors have discussed the degeneracies among the oscillation parameters in presence of NSIs. However, in this paper, we focus on the effect of the lepton flavour violating NSIs on the determination of various unknowns at long baseline experiments.
We have discussed the physics potential of long baseline experiments in our previous papers [44, 45] . As neutrino oscillation physics already entered into its precision era, one should take care of various sub-leading effects such as NSIs in the oscillation physics. In this regard, we would like to study the effect of the lepton flavor violating NSIs on the determination of oscillation parameters. This paper is organized as follows. In section II, we discuss the basic formalism of neutrino oscillation including NSI effects. In section III, we study the effect of NSI parameters on ν e appearance oscillation probability. The effect of LFV NSI on Physics potential of long baseline experiments are discussed in section IV.
In section V, we discuss the parameter degeneracies among the oscillation parameters in presence of NSIs. Section VI contains the summary and conclusions.
II. NEUTRINO OSCILLATION WITH NSIS
In the standard oscillation (SO) paradigm, the propagation of neutrino through matter is described by the Hamiltonian
where the H 0 is the Hamiltonian in vacuum, ∆m
i is neutrino mass squared difference, H matter is the Hamiltonian responsible for matter effect, V CC = √ 2G F n e is the matter potential and U is the PMNS mixing matrix which is described by three mixing angles (θ 12 , θ 13 , θ 23 ) and one phase (δ CP ) and is given by 
with c ij = cos θ ij and s ij = sin θ ij . The NSI Hamiltonian, which is coming from the interactions of neutrinos as they propagate through matter is given by
where ε αβ = |ε αβ |e iδ αβ are the complex NSI parameters, which give the coupling strength of non-standard interactions. The off-diagonal elements of the NSI Hamiltonian (ε eµ , ε eτ and ε µτ ) are the lepton flavor violating NSI parameters, which are our subject of interest.
Almost all current neutrino oscillation data are consistent with the standard oscillation paradigm. Therefore, the effect of NSI on the oscillation phenomena is expected to be very small. Moreover, some neutrino mass models for instance, triplet seesaw model [46] , Zee
Babu model [47] predict the value of NSI parameters of the order of 10 −4 − 10 −3 , which depend on the scale of new physics and the neutrino mass ordering. The strong constraints on NSI parameters make them very difficult to be observed in the long baseline experiments.
Therefore, we use phenomenological way to study the effect of NSIs on the physics potential of such experiments. The model independent current upper bounds of NSI parameters at 90 % C.L. are given as [48, 49] 
From the above equation, it should be noted that the bound on LFV-NSI parameters as We use GLoBES package [51, 52] along with snu plugin [53, 54] for our analysis to study the implications of LFV-NSI on the propagation of neutrinos. The experimental details of T2K, NOνA and DUNE that we consider in this analysis are given in Table I . The values of standard oscillation parameters that we use in the analysis are given in the Table II . The hierarchy is assumed to be NH
For an illustration, we show the calculated transition probability with and without NSI for T2K (top panel), NOνA (middle panel) and DUNE (bottom panel) by assuming hierarchy as NH in Fig. 1 , for neutrinos. In the figure, the light shaded regions correspond to probability in the standard oscillation (SO) paradigm, whereas the dark shaded green, red, and blue regions represent the additional contribution to the oscillation probability, which are coming from NSI parameters ε eµ , ε µτ and ε eτ respectively. From the figure, we can see that the NSI contribution to oscillation probability is noteworthy in presence of ε eτ and ε eµ parameters, whereas the contribution from ε µτ is negligible. It can also be seen from the figure that there is significant change in the oscillation probability in the presence of NSIs for both NOνA and DUNE, whereas for T2K, the effect is found to be rather small, i.e., NOνA and DUNE are more sensitive to NSI effects. We can also see that there is a substantial change in the oscillation probability of DUNE experiment in the presence of NSI. Therefore, DUNE experiment can be used to investigate various effect of NSI, which are expected to be observed in the long baseline experiment. Moreover, NSI can even affect the results, which require much precision on their measurements for the determination of the unknowns in neutrino sector, of the currently running experiments like T2K and NOνA.
IV. NSI EFFECT ON PHYSICS POTENTIAL OF LONG BASELINE EXPERI-MENTS
The primary objective of long baseline experiments is the determination of the various unknowns (Neutrino mass ordering, CP violating phase and octant of atmospheric mixing angle) in the phenomenon of neutrino oscillation. In this section, we discuss the effect of LFV-NSI on the determination of these unknowns. From the previous section, we found that the NSI parameter ε eτ can significantly change the oscillation probability. Therefore, for simplicity, we focus on the effect of ε eτ on the determination of other unknowns in neutrino oscillation sector. We also compare the effect of NSIs on physics potential of different experiments that have been considered in this paper. All the sensitivities are computed by using GLoBES.
A. Effect on the determination of neutrino mass ordering
So far, we do not know whether the hierarchy of neutrino mass is Normal (m 1 < m 2 << m 3 ) or Inverted (m 3 << m 1 < m 2 ). The MSW effect, the so called matter effect plays a crucial role in the determination of neutrino mass hierarchy, because unlike vacuum oscillation, they give different contributions to oscillation probability for NH and IH, as one can see from the top panel of Fig. 2 . Therefore, a thorough study of effect of NSIs on the determinations of MH is of great importance in oscillation physics. However, if we compare the top and bottom panels of Fig. 2 , we can see that there is considerable overlap between the hierarchies in the presence of NSIs and this overlap will The octant degeneracy is merely a consequence of inherent structure of three flavour neutrino oscillation probability, where a set of oscillation parameters gives disconnected regions in neutrino oscillation parameter space and it makes too difficult to find the true solution. However, the matter effect in long baseline experiments can help to resolve the octant of θ 23 [65] , since the oscillation probability gives different contributions to HO and LO as one can see from the upper panels of Fig. 4 . From the lower panels of the figure, it can be seen that there is considerable overlap between the lower and higher octants in the presence of LFV-NSI, which will worsen the sensitivity of long baseline experiments in the determination of octant of θ 23 . Moreover, the octant sensitivity as a function of true value of sin 2 θ 23 is given in Fig. 5 . The octant sensitivity is obtained by comparing true event 
C. Effect on the determination of CP violating phase δ CP
One of the main objectives of long-baseline neutrino oscillation experiments is the determination of the CP violation (CPV) in the leptonic sector. Therefore, it is crucial to study the effect of NSI on the determination of CPV at T2K, NOνA and DUNE experiments.
The direct measurement of CP violation can be obtained by looking at the difference in the transition probability of CP conjugate channels i.e, by analyzing the ν e appearance andν e appearance probabilities.
We use the observable so called CP asymmetry (A CP ) to quantify the effects due to CP violation and it is defined as A CP = P µe − P µe P µe + P µe (7) where P µe is the ν e appearance probability and P µe isν e appearance probability. Fig. 6 shows the CP asymmetry bands for T2K (left panel), NOνA (middle panel) and DUNE with 30%, 60 % and 60 % of δ CP parameter space for T2K, NOνA and DUNE respectively.
V. DEGENERACIES AMONG OSCILLATION PARAMETERS IN PRESENCE OF LFV-NSI
One of the major issues in neutrino oscillation physics is the parameter degeneracy among the oscillation parameters. In the standard oscillation physics, there are four-fold degeneracies among the oscillation parameters and they are known as octant degeneracy and mass hierarchy (sign of ∆m 2 31 ) degeneracy. In this section, we present a simple way to understand the degeneracies among the oscillation parameters in the presence of LFV-NSI parameter ε eτ , by using bi-probability plots i.e., CP trajectory in a P (νµ→νe) − P (νµ→νe) plane and δ CP -A CP plane.
In Fig. 8 , we show the bi-probability plots for T2K (E = 0.6 GeV, L = 295 km), NOνA • If δ eτ = −90
• , then it is extremely difficult to infer any definitive conclusion about the determination of both mass hierarchy and octant, since all the four degenerate points in P (νµ→νe) − P (νµ→νe) plane are very close to each other .
• If δ eτ = 0, then all the four degenerate points are very close to each other in P (νµ→νe) − P (νµ→νe) plane and therefore it is extremely difficult to make any decisive prediction about the determination of both mass hierarchy and octant.
• If δ eτ = 90
• , then the points correspond to NH-HO and IH-HO in P (νµ→νe) − P (νµ→νe)
plane are very well separated, which is an indication of MH determination. However, the capability of determination of mass hierarchy is reduced in the case of LO. It is also noted that octant determination is poor in this case.
All the above predictions are made under the assumptions that the value of LFV-NSI ε eτ is near to its upper bound and the value of CP violating phase is near to its currently preferred value i.e, δ CP = −90
• . Moreover, these predictions point toward that the mass hierarchy and octant determinations are possible even in the presence of LFV-NSI, if
Another simple way to understand the parameter degeneracies among the oscillation parameters is by simply looking at the CP-asymmetry, which is defined in Eqn. A. Correlation between δ CP and θ 23
In this section, we discuss the effect of LFV-NSI on the allowed parameter space of sin experiments. From the figure, we can see that there is significant change in the allowed parameter space in presence of LFV-NSI for DUNE. 
VI. SUMMERY AND CONCLUSIONS
We have investigated the implications of LFV-NSIs on the physics potential of various neutrino oscillation experiments. We found that the discovery reach for the unknowns in oscillation physics by the experiments that we have considered can be altered significantly in the presence of LFV-NSIs. Moreover, we found that the degeneracy discrimination capability of all the experiment will worsen in the presence of LFV-NSI, since it leads to new degeneracies among the oscillation parameters other than the existing degeneracies in standard oscillation physics. We also found that the possibility of misinterpretation of oscillation data in the presence of new physics scenarios (NSIs), give rise to wrong determination of octant of atmospheric mixing angle, neutrino mass hierarchy and the CP violation.
